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In this study, the mechanical properties of Al3NiP4 were calculated by applying 
uniaxial strain in the a-direction. It has been demonstrated that when the strain 
reaches 27%, the requisite mechanical stability condition is not met. Conse-
quently, the mechanical properties of Al3NiP4 were examined exclusively within 
the strain range of 0% to 26%. The stress-strain curve of Al3NiP4 under uniaxi-
al strain revealed that the application of strain in the a-direction resulted in 
significantly greater stress in the a-direction than in the b- and c-directions. 
When the strain in the a-direction is less than 18%, the stress-strain curve ex-
hibits a linear pattern that is representative of the expected behavior. When the 
strain exceeds 18%, a slight non-linear phenomenon is observed. Among all de-
formations, Al3NiP4 exhibits elastic deformation without significant plastic de-
formation. Additionally, it was observed that stretching can modify the elastic 
modulus of Al3NiP4, enhance its Vickers hardness, and diminish its ductility. 
Our findings indicate that the mechanical properties of Al3NiP4 can be regulat-
ed by applying uniaxial strain, thereby expanding the scope of applications for 
Al3NiP4 materials. 

Key words: fist-principles, mechanical stability, strain, elastic modulus,  
Vickers hardness 

Introduction 

In the field of material science, alloys are commonly utilized in composite materials 

to enhance mechanical properties [1], and the first principles can be employed to optimize the 

composite [2]. The application of first principles has now been extended to inorganic materi-

als in addition to metallic materials [3, 4]. By employing the first principles, Surthi et al. [5] 

devised nanofiber membranes through electrospinning, a technique utilized for the fabrication 

of diverse functional nanofibers [6, 7]. Furthermore, Mehta and Helmicki [8] proposed a first 

principles-based modeling approach for microdevices, which has the potential for extensive 

applications in sensors [9, 10]. 

Aluminum phosphide (AlP) is a significant III-V compound semiconductor material 

that has been extensively utilized in the development of functional materials [11, 12]. The 

doping of transition metals into AlP represents an effective method for the improvement of its 

mechanical, magnetic, and optical properties. A substantial body of research has been con-

ducted on the magnetic and optical properties of the semiconductor Al1-xTMxP (where TM 

represents a transition metal, rare earth, or non-metal). However, there is a paucity of studies 
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on its mechanical properties [13-16]. The application of strain (hydrostatic pressure) to the 

material represents an effective method for the regulation of its magnetic properties and opti-

cal properties [17-23]. However, AlP is a brittle material, which makes it challenging to apply 

a significant response to it. In previous research, the author discovered that Al3NiP4 exhibits 

excellent ductility. Accordingly, the present study will further examine its mechanical proper-

ties. The objective of this study is to apply uniaxial strain to Al3NiP4, examine its ultimate 

strain capacity, and investigate the regulatory effect of strain on its mechanical properties.  

Computational methods 

In this study, we used the super helpful density functional theory to calculate the 

properties of Al₃NiP₄ under uniaxial strain. We used a plane-wave pseudopotential method as 

implemented in the Cambridge Sequential Total Energy Package (CASTEP) code [24-26] to 

do this. We used the generalized gradient approximation (GGA) within the Perdew, Burke, 

and Ernzerhof scheme to obtain the exchange-correlation potential. To make sure our calcula-

tions were as precise as possible, we set the plane-wave energy cutoff to 400 eV and used 

Brillouin-zone of 2 × 2 × 5 Monkhorst-Pack mesh of k points. We also set the remaining pa-

rameters to their default ultra-fine accuracy settings. 

In this study, the Al₃NiP₄ (Al₀.₇₅Ni₀.₂₅P) 

compound was obtained by substituting one Al 

atom with one Ni atom in a 1 × 1 × 1 Al₄P₄ 

supercell model, as illustrated in fig. 1. The lat-

tice constants of Al₃NiP₄ are a = 0.5298 nm, b = 

0.5298 nm, and c = 0.5559 nm. 

For Al3NiP4, the mechanical properties 

are calculated under strain conditions by apply-

ing uniaxial strain in the a-direction. The calcu-

lation process is divided into three steps: 

– Set the corresponding uniaxial strain. Set 

the lattice constant in CASTEP, and the ideal 

single axis strain is applied here, that is, there is 

only response in the direction of a, no response in the b- and c-directions, and the crystal 

constant of the b- and c-direction remains constant.  

– Geometric optimization of supercells. Only optimizing atomic positions without optimiz-

ing lattice constants; This geometric optimization method enables the atoms in the lattice 

to get the most stable position and maintain the corresponding strain. 

– Calculate mechanical stability, elastic properties, including elastic stiffness constant and 

elastic modulus. 

Results and discussion 

Elastic constants and mechanical stability 

The elastic constants of crystals serve to establish a correlation between mechanical 

and dynamical behaviors. Additionally, they provide crucial insight into the elastic response 

of a crystal to external pressure. The elastic constants are significant parameters for character-

izing the mechanical properties of solids. The elastic matrix has dimensions 6 × 6 and is 

symmetric. As the degree of crystal symmetry increases, the number of independent elastic 

stiffness constants decreases. A maximum of 21 independent elastic stiffness constants can be 

 

Figure 1. The supercell models of Al3NiP4 
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identified. The elastic constants Cij’s for the orthorhombic Al3NiP4 supercell, as predicted by 

the GGA method. The elastic constants indicate that Al3NiP4 is an orthorhombic crystal. The 

mechanical stability of a crystal structure under isotropic pressure can be determined by em-

ploying the criteria of independent elastic constants, Cij. In the case of an orthorhombic crys-

tal, the independent components are as follows, as demonstrated in the following equation 

[27, 28]: 
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A review of the literature reveals that when the strain reaches 27%, the mechanical 

stability condition is not met. Accordingly, an investigation into the mechanical properties of 

Al3NiP4 was only conducted when the strain was within the range of 0% to 26%. 

Stress-strain curve 

The stress-strain curve depicts the variation in stress with strain during solid defor-

mation. In accordance with Hooke's law, the formula for calculating the stress-strain curve for 

uniaxial strain can be derived. In this context, the symbol a(a, c) represents stress, while 

a represents strain increment in the a-direction. 
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As illustrated in fig. 2, the stress-strain 

curve of Al3NiP4 under uniaxial strain can be 

obtained using eq. (2). The application of 

strain in the a-direction results in a markedly 

elevated stress in the a-direction relative to the 

b-direction and c-direction. When the strain in 

direction a is less than 18%, the stress-strain 

curve exhibits a linear pattern that is repre-

sentative of the expected behavior. Upon ex-

ceeding a strain of 18%, a slight non-linear 

phenomenon becomes evident. From the out-

set, the b-directions and c-directions display 

non-linear effects. Prior to reaching a strain of 

6%, the stress in the b-direction is observed to 

exceed that in the c-direction. Upon reaching a 

strain of 6%, the stress in the c-direction is observed to exceed that in the b-direction. At all 

stages of deformation, Al3NiP4 displays elastic behaviour, with no discernible plastic defor-

mation. 

 

Figure 2. The stress-strain curve of Al3NiP4  
in a-direction uniaxial strain 
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Elastic modulus 

The elastic modulus of polycrystalline materials is inextricably linked to the elastic 

constants of single crystals. In general, the elastic properties of polycrystalline materials are of 

greater practical significance than those of single crystals, which makes them incredibly use-

ful in a wide range of applications. The elastic properties of polycrystalline materials are de-

fined by four key values: the bulk modulus B, the shear modulus G, the Young’s modulus E, 

and the Poisson ratio, μ. Fortunately, there are two excellent models available for evaluating 

the modulus: the Voigt method and the Reuss method. The former provides an upper bound, 

while the latter provides a lower bound for the polycrystalline elastic modulus. The fantastic 

news is that the bulk modulus and shear modulus according to Voigt can be expressed for dif-

ferent crystalline systems as follows [29, 30]: 
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Voigt-Reuss-Hill method can be used to get the bulk modulus and shear modulus. 

The widely used estimate for the theoretical value of the polycrystalline elastic modulus is the 

Voigt-Reuss-Hill average, which is found by taking the arithmetic mean of the Voigt and 

Reuss bounds: 
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The Young’s modulus and Poisson’s ratio can be calculated based on the aforemen-

tioned values using the following formulas: 
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The B, G, E and  of Al3NiP4 are calculated in accordance with the prescribed 

eqs. (3)-(10). The resulting calculations are presented in fig. 3. 
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Figure 3. (a) The bulk modulus of Al3NiP4, (b) the shear modulus of Al3NiP4,  
(c) the Young’s modulus of Al3NiP4, and (d) the Poisson’s ration of Al3NiP4 

Figure 3(a) illustrates the change of the bulk modulus B of Al₃NiP₄ with strain. The 

overall trend is a decrease, with a minimum value of approximately 26% in the absence of 

strain.  

The change of the shear modulus G of Al3NiP4 with strain is illustrated in fig. 3(b). 

The data exhibit an approximately arched trend, with a maximum value at a strain of 14%, 

which is approximately 1.2 times that at no strain.  

The change of the Young’s modulus E of Al3NiP4 with strain is illustrated in fig. 

3(c). It demonstrates an approximately arched trend, with a maximum value at a strain of 8%, 

which is approximately 1.1 times that at no strain. 

The change of the Poisson ratio  of Al3NiP4 with strain is illustrated in fig. 3(d). 

The overall trend is a decrease, with a minimum value of approximately 33% in the absence 

of strain. 

Vickers hardness and ductility 

Vickers hardness is a useful concept that defines a material intrinsic resistance to de-

formation when a force is applied. The formal theoretical definition of hardness is still a chal-

lenge for those engaged in the scientific study of materials. The hardness of a material is re-

lated to its elastic and plastic properties, which makes it an intriguing topic of study. Several 

semi-empirical models have been developed to predict the hardness of materials, and one of 

the most promising is the model put forth by Chen et al. [31] for forecasting the hardness of 

polycrystalline materials and bulk metallic glasses. This model is based on the Pugh modulus 



Chen, Y.: First-principles Study on the Mechanical Properties of … 
1808 THERMAL SCIENCE: Year 2025, Vol. 29, No. 3A, pp. 1803-1810 

ratio (k = G/B) and the shear modulus, as detailed in reference [31], and it has the potential to 

revolutionize our understanding of material hardness: 

 1.171 0.591
V 1.887H k G   (11) 

where HV denotes the Vickers hardness. 

The B/G ratio can be employed to gauge the ductility or brittleness of materials, as a 

high (low) value is correlated with ductility (brittleness). The critical value is approximately 

1.75 [32]: 
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The HV and B/G of Al₃NiP₄ are calculated in accordance with eqs. (11) and (12). 

The resulting calculations are presented in fig. 4. 

 

Figure 4. (a) The HV of Al3NiP4 and (b) the B/G of Al3NiP4 

The variation law of the Vickers hardness of Al3NiP4 with strain is shown in fig. 

4(a). The overall trend is upward, with a maximum value at a strain of 26%, which is approx-

imately 5.1 times that at no strain. 

The variation law of the B/G of Al3NiP4 with strain is shown in fig. 4(b). The overall 

trend is decreasing, with a minimum value of about 25% when there is no strain. When the 

strain is less than 14%, Al3NiP4 expressing better ductility, when the strain is greater than 

16%, Al3NiP4 expressing better brittleness. 

Conclusion 

In this study, the mechanical properties of Al3NiP4 were calculated by applying uni-

axial strain in the a-direction. The findings indicate that Al3NiP4 exhibits a limit strain of 26% 

and a linear strain range of 18%, rendering it an optimal material for the fabrication of large 

deformation strain sensors [33]. Moreover, the elastic modulus, Vickers hardness, and ductili-

ty of Al3NiP4 can be modified by the applied strain. The adjustable properties of elasticity 

permit the extension of the material application range. The findings of this study suggest that 

Al3NiP4 is a material with potential engineering applications. 
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